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panel and at the lower, or u -streAm, corner. Therefore,
another measure of damag' w adopted for these locations;
length of cracks, depth'of ocket, ýetc. The end-on, or
axial, orientation was fou d to be ýhe most damaging
orientation. Substitute Virds were, also launched with the
two transverse, orientations onto a rigid target plate at three
obliquity angles, 90', 45', and 25". Impact pressures were
measured, and analyzed. Pressure profiles showed shock
pressure only. No steady-state pressures were observed.
Shock pressures were compared to theoretical Hugoniot curves
and good agreements were obtained.
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SECTION I

INTRODUCTION

1. BACKGROUND INFORMATION

Aircraft and birds operate in the same space. Therefore,

collisions between birds and aircraft are inevitable. Efforts

have been made to reduce the possiblity of collision by

controlling the movement of birds and by changing the flight

paths of aircraft. These actions have, in some instances,

reduced the probability of collisions. However, in recent years

the problem has been magnified by the introduction of an increased

amount of high speed-low altitude flight time. This usage not

only greatly increases the probability of a strike (through

the sweeping out of a large volume of space in a high bird

density regime) but it also greatly increases the impact energy

associated with a given strike (the kinetic energy is a function

of the square of the relative velocity at impact).

As a result of an increasing number of catastrophic bird-

aircraft collisions the United States Air Force has initiated

a number of programs with the objective of developing and

applying the technology required to protect aircraft against

birdstrike. The two areas of technology directly affected by

the studies reported herein are; (1) characterization of the

loads generated during : birdstrike, and (2) the testing

procedures used to evaluate the level of birdstrike protection

afforded by a given flight hardware system.

A number of investigations have been conducted to interpret

bird impact with nonsteady flui.d-dynamics and to characterize

the transient loads exerted on the impacted structure. These

investigations included real and substitute birds ranging in size

from 60 to 3600 g. Target obliquity angles were 90 degrees, 45

degrees, or 25 degrees, and impact velocities ranged from 50 m/s

to 300 m/s.



The University's effort to measure and characterize the

loads exerted by birds during impact was begun in January 1974.

This work was jointly sponsored by the Air Force Materials

Laboratory (AFML) and the Air Force Flight Dynamics Laboratory

(AFFDL). The initial work included development of basic

experimental techniques and was reported by Barber in Reference 1.

His report concentrated on normal impact of small birds (120 g).

The work was extended to oblique impacts during a follow-on effort,

in which pressure data were obtained at obliquities of 45 degrees

and 25 degrees. Those results were reported in detail by Peterson

in Reference 5. Then, these results provided a basis for identi-

fication of the fundamental processes affecting bird impact, as

reported by Barber in Reference 2 and by Wilbeck in Reference 4.

The first satisfactory bird impact flow model, featuring techniques

necessary for proper scaling of the impact loads with bird size,

was reported in Reference 2. Challita, in Reference 3, showed

that the scaling relationships derived by Barber adequately de-

scribed the impact process for bird masses ranging from 60 to

31600 g.

All of the work reported above was conducted with birds

having nominal end-on orientation at impact. However, during the

initial phases of these studies the orientation of some of the

1. Barber, J. P., and Wilbeck, J. S., "The Characterization of
Bird Impacts on a Rigid Plate: Part I", AFFDL-TR-75-5,
ADA021142, January 1975.

2. Barber, J. P., Taylor, H. R., and Wilbeck, J. S., "Bird
Impact Forces and Pressures on Rigid and Compliant Targets,"
AFFDL-TR-77-60, ADA061-313, May 1978.

I ,

* 3. Challita, A., and Barber, J. P., "The Scaling of Bird Impact
,1 Loads," AFFDL-TR-79-3042, June 1979.

4. Wilbeck, T. S., "Impact Behavior of Low Strength Projectiles."
AFML-TR-77-134, July 1978.

5. Peterson. R. L., and Barber, J. P., "Bird Impact Forces in
.4 Aircraft Windshield Design," AFFDL-TR-75-150, ADA026-628,

March 1976.
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birds at impact was not well controlled. Results of those tests

seemed to demonstrate that orientation at impact can have very
pronounced effects on the magnitude, duration, and spatial dis-

tribution of impact induced loads.

Structural response analyses and testing experience have b
demonstrated that the birdstrike resistance of flight hardware I
is greatly influenced by the location of the impact point relative

to the support structure, by the structural response characteristics

of the support structure, and by the structural integrity of the
panel/support structure interface.

Birdstrike testing procedures employed during developmental I-

and/or qualification testing of full scale flight hardware have

specified end-on orientation of the bird at the time of impact.
However, in view of the preliminary early test results, it is not

clear that the axial., or end-on, impacts qualification testing
represent the most severe test condition for all impact locations

and all structural system configurations. It is clear, however,
that birds will strike aircraft transparencies with a random
orientation and axial impacts have a rather low probability of

occurrence.

2. PROGRAM OBJECTIVES

The program described in this report consisted of two
primary experimental tasks. The objective of the first task

was to determine the sensitivity of impact parameters to bird

Sorientation. The investigation included both the temporal and

spatial aspects of the loads. This was accomplished by measuring

the loads produced by bird substitutes impacting a rigid flat

target at two controlled transverse orientations. Specifically,

450 g bird substitutes were impacted at three impact angles (90,
45, and 25 degrees) and at three velocities (1r,), 200, and 300 m/s).

The objective of the second task was to investigate the
damage potential of birds impacting a flat polycarbonate panel

as a function of bird orientation at impact and impact location.

3,
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To achieve this objective 450 g bird substitutes were impacted on

a 90 x 60 x 0.635 cm polycarbonate panel at a 25 degree angle of

incidence. Three bird orientations (one axial plus two transverse)

and four impact locations (center, edge, and two corners) were

investigated.

4I
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SECTION II

t EXPERIMENTAL TECHNIQUES

The experimental work described in this report was con-

ducted at the University of Dayton Research Institute. This

section contains a description of the experimental techniques

used to launch 450 g bird substitutes (gelatin with 10 percent

porosity) with controlled orientation onto nominal 0.635 cm

flat polycarbonate panels. The techniques used to obtain

temporally resolved rigid plate pressure measurements during

bird impact with transverse orientations is also described.

Descriptions of the experimental ranges and launch techniques,

target structure and instrumentation, and data collection are

given in the sections that follow.

1. LAUNCH TECHNIQUES

For experimental investigations of bir, impact onto a

rigid target plate and onto a polycarbonate panel, launch

techniques are necessary which can accelerate the 450 g birds
with the required orientation to the required velocities.

Birds must be launched with controlled orientation (transverse

or axial), and such that they do not break up or severely

distort prior to impact. Launch techniques were developed

such that birds with transverse orientation could be launched
at velocities up to approximately 350 m/s, and birds with

axial orientation at velocities up to approximately 300 m/s.

Two systems were used: a 177.8 mm bore compressed air gun

to launch birds with transverse orientation and a 88.9 mm bore

compressed air gun to launch birds with axial orientation. A

•'1 description of both systems follows.

a. Transverse Orientation Launch System

This system consisted of a 177.8 mm bore compressed
4i air gun with supporting compressor, instrumentation, and control

5
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3systems. The compressor system consisted of a 1.42 m /min,

3.5 MN/mr compressor pumping into a 0.11 m intermediate storage
tank. The intermediate storage tank was connected via a

flexible hose and quick disconnect coupler to the 0.85 m3 air

storage tank used for driving the gun. A valve system is

located between the driving air storage tank and the breech of

the gun. This valve was designed to valve the high pressure air

from the driving storage tank into the gun to operate it. The

valve was a standard butterfly valve system with a pneumatic

actuator.

The gun itself consisted of two 4.88 m long,

177.8 mm ID heavy wall tubes. They were connected via

a locating ring and flange system. The tubes were supported on

two heavy I-beams bolted to the floor. A vent section was con-

nected to the riuzzle of the gun tube and was designed to release

the driving pressure from the back of the projectile package.

This vent section was enclosed in a muffler which deflected the

venting gases harmlessly toward the floor.

SThe birds were placed in a sabot, or carrier, for

launching. The sabot was a 177,8 mm OD foam plastic cylinder

with a transverse pocket in front in the shape of a right cir-

cular cylinder cut in half along its axis. This pocket was

designed to accept the bird which was to be launched in the

transverse orientation. The sabot is shown in Figure 1. Foam
plastic was employed because it is lightweight, strong and very

dimensionally stable.

As the sabot represents a significant fraction of 2

* the launch mass, it must be stripped from the bird before the

* bird impacts the target. Accordingly, a tapered tube sabot

stripping section was connected to the muzzle end of the vent

section. The sabot stripper tube consisted of a steel tube with

an initial TD of 177.8 mm that was progressively reduced. A

4 series of longitudinal wide slots were cut into the stripper tube
to facilitate the rapid release of the driving pressure, thus

6}
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Figure 1. Foam Pla.IL-c Sabot Used for Launching TransverseB irds.

reducing the forces required to decelerate and stop the sabot.

When the launch package entered the sabot stripper tube, t-.he

sabot was progressively decelerated until it stopped. Th.,

bird, releacsed from thel sabot: pocket., cont in ued on trajectory to

the target. The sabot stripper section functioned satisfactorily

over the range of velocities below 300 m/s. The sabot broke
into pieces, when the velocities were higher than 300 m/s,

without affecting the trajectory or the orientation of the

"bird

.I Spinning of the projectile was detected in the

early development shots. A thorough investigation was conducted

* 4 and the source initiating the spinning was determined and

eliminated during the test shots. It was found that the

spinning was caused by a slight rifling action in the barrel,

instability of the package (sabot and projectile), i.e., center of

jgravity of the package was off the center line of trajectory,
' and by the fact that the sabot and the barrel were. not perfectly

7
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circular or concentric. Different techniques, were used to

elimlinate t~he spinning. Sonic or these-- t~echniques were: comnpen-
sating for the spinning by loadinc the package at a predetermined U

angle, stabilizing the package by inserting a heavy weight in

the bottom part of the sabot, and usi~ng a 3.175 mmi diameter

wire rope as a rail to guide the sabot. The last technique

was the most efficient; it kept the rotation within acceptable

limits. A justification of the acceptable limits-is given in

later sections. The wire rope proved completely satisfactory for

contrltilingy orientations over the entire range of velocities

used in this study. An overall view of the 177.8 win gun is
shown in Figure 2. 4

b. Axial Orientation Launch System

q'he 88.9 rnnm bore compressed air gun consisted of

a 3.66 z'i long tube supported on two heavy 1-be-ans bolted to

-.-- t"

Target
!'rea -Tank
Stripuer ~ ~

ZVI

-.iqure 2. Overall View of the. 1177.8 mm Gun Range.
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the floor. it uses the same compressor and iintorniediate storage

tadnk as th11 177 . 8 1111 cJUU 1, and a s imi.lar air s~tora(je tank for

driving the gun. T-he driving air storage tank hiad a capacity of

apv)nrox~imatcliy 0 . 32 m' A standar-d butterfly valve :3ystem with

a pneumatic actuxator was us-eid to valve the. hi#tih pres,,surn air A

from the driving storage tank into the qun to operate it.. A

sabot stripper section was attached to the muzzle of the launcher.

The sabot stripper tube consisted of a 88.9 mui 11) steel tube with

a series o~f longitud~inal slits cut into it. Comipressi~on rings

were placed around the outside of the tube and the ID of the

tube was progressively reduced. For the high velocity shots an P
extension t~o the stripper tube was requirod. The tube was

extended from its standard leingth of -3.05 mn to a total length

of 4.88 mn. The sabot stripper fun-ctioned satisfactorily over

the entire range of velocities which were used in this program.

An overall view of the 88.9 mm latuichor is shown in I;'icjure 3.

Tn~ti'lmollatiol
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The sabot used to carry the bird was an 88.9 mm

O0) foam plastic cylinder with a 12.7 mm hole drilled in its

base. The hole was drilled to assist in the smoothi release of

the bird and to reduce oscillations of the bird in the free

U iqht after sabot separation. These holes permit the driving

pressure to act on the base of the bird itself. The:re f:ore, H
the bird was both pushed and puLlled out of the sabot during the

separation process. This sabot is shown in PiguL'e 4.

ii

.4

Vigure ,4. Foam Plast.tic Sabot Used fol.- Launching Axial Birds.
,1

.* I .. TARIGET 1' IJSCRIPTI ON

Two different taigets were used ill this experimental pro-

c;ram; a flait r'iqi stlI target plato and flat polycarbonatte

pa 'eIs.
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The .6-91id targýet )Llatt' Wit, used to charactoeri-. 1e he j fltet

lct1hs e'Xer-t-ixi by hi. ris With tri.vreorn nttatJoris. The tarvget:

1-p-.at o was a steol disk , 50. 1.6 em in di'itme Len and 9..U1 cm thick.* A

sor ies of 0.6")5 cil holeUs wen-, driil. 12d loiac; two o.1l.,hogo0l411I axis of

t~he pJ.at~e at: 2.*54 cmi initenra']s . These h lcios were doc icitd L"I

accept the pressure, tr-an~sducers which were miount~ed fluszh wi Lb

the surface. IDoponldinqT oil tte orA outat; ion1 andic aniq . ofT imlpact, uip

to litine tr~an aducers were neeoded to ecover the11 re of impact. The

pressure plate is shown in Figure 5.4

Flat IlCLIJfCtepallet.-, weve used to investigjate the rela-

tive damage potcntial of birds with differentL oriuinLationi iinpactincg

at: a 2$ dlegree anci to of ýinlcidece c. Thelic vtnlo i were 90 ril l onc; ,V

60 cm w ido, and 0 . 35 ick . 'Ihe tog t paCnel1s wore rig iid.ly attanched P

to a mount inq plate by leansz of U *bib) cmn dianueler bolts; the

h~olits wqere onl a ` . 08 cm c'cntet'-to--centei: spaci no. '1h1c miion tjg

p1 a \t71 wit Ci WJIS tt- 1 dooette -iolot to the 1.)i rd t: Cd 0 CLOrU% was SA

. . .- ...
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;e•lrCed to a strut" ralý steel support frane. A riglid st uctural

support frame was desigined for each gun, and they are shown in

Pi.igure!s 6 and 7 . Fiuiure 6 slhows the structural support frame

used with the 88.9 milm gun and Figure 7 shows the support frame

used with the 177.8 11111 jun.

i 3. VELOCITY, LOCATION, AND ORIENTA'TION MEASUREMENT

The velocity of the bird was measured prior to impact using

a simple time-of-flight technique. Between the muzzle of the |

sabot stripper and the target, two helium/neon laser beams were

directed across the trajectory. When the bird interrupted the

first laser beam, a comiutel: was started. Tihe counter was

stopped when the bird interrupted the second laseLr beam. The

distance between the laser beams and the elapsed time were used

to calculate tile velocity. 'PO increase the accuracy of the

Velocity n1easmiremen ts and to monitor bird orientation and inte-

grity prior to impact, two orthogonal pulsed x-ray systems were

set up at each laser beam station. The resu4 .t.ing radiographs of

t'k. Ihc bi rI.d i ;o,.' .... to accratel y est- I |, th11 position-

of the bird with respeCt to thIe laser beams and to monitor the

conditionl and ori.cnt;ati.Ofl e tho bird. This tochn.i.qUe proved'L

completoly satisfactory for measuring bird vetlocity; velocities

were measured to within one perce-lt. The orientation of tile pro-

S *] jectile relative to 1:he target. was a]lso dotermined from the

orthogonal ,:adiokiraphs. Dli7fficu'l tioe in deteormining the orienta-

* t jion of thle bird were encountered in the case of tranlsverse

impac ts", because tlhe imaqes of the ends of thr bird were super-

posed iln the radiograph taken from the x-ray h,:ad along tile

major axis of the bird. Different techniques were tried to

'- climilnate this problem. The best r.esnlt-s were obta.ined by ilnsert-

ing a l.')7 cm long alimntium wire at the center of each end of!

the bird. Aluminum was chosen becuase it; is soft and does not

dama(Je tho target (pressure plate or jpolycarbonate panels).

rj(The (ti.fforojiene in dens..ity between the hird and the aluminulilln

12.



POJECTILE
TRAJECTORY ...

Figure 6. Support Structure and Mounting Frame used with the
88.9 mm Gun.

TRJECTORY

Figure 7. Support Structure and Mounting Frame used with the
177.8 mm Gun.
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wire made a clear image on the radiograph, and thereafter orienta-

tion was determined to within 0.5 degrees. A typical x-radio-
graph of the bird with transverse orientation is shown in

Figure 8.

In addition to x-radiograph coverage of the bird in flight,

high speed motion picture coverage was also obtained on selected

shots. Cameras with framing rates of up to 7,000 f/s were
employed for specific investigations of the behavior of the bird
and panel during impact.

4. PRESSURE MEASUREMENTS AND RECORDING

During bird impact the shock pressure can be extremely
high, the duration of the impact is relatively short and there

can be important press-are excursions. The pressure sensing
devices m,'ust be capable of measuring and withstanding these

high pressures and the pressure sensing and recording equipment
must have adequate bandwidth to detect and record important

pressure transients.

Piezoelectric quartz pressure transducers were used as

the basic sensing devices for these experiments. These trans-

ducers have a compact impedance converter physically located in

r the coaxial line close to the crystal; they have a specified
pressure range of 0 to 700 MN/m 2 , and a specified band width

from 0 to 80 kHz. Since these transducers are not specifically

* designed for impact testing, calibration was necessary to

verify their operation. A calibration method for the trans-

ducers was developed to verify the applicability of the manu-
facturer's calibration data to the unidirectional axial loads

*,• anticipated. The details of these calibration techniques are

reported in Reference 1. A device was fabricated to enable the

unidirectional axial loads similar to bird/plate impact loads
to be applied to the transducer. Then, measurements were taken
to determine the response of the transducers. It was concluded

1. Barber, J. P. and J. S. Wilbeck, "The Characterization of
* Bird Impacts on a Rigid Plate: Part I," AFFDL-TR-75-5,

ADA021i42, January 1975. 14•i ": 14 i
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(a) (b)

Fi,.ure 8. X-radiograph of a 450 q Transversely Oriented B~ird
Substitute in Free-Fliclit. (a) from x-ray head
alongj major axis of bird; (b) from x-ray head
normal to major axis of bird.
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that the transducers provide reliable, accurate pressure data

over the range of pressures and frequencies expected. The

transducers were mounted flush with the surface of the steel

target plate described in paragraph 2.2. Up to nine transducers

were simultaneously mounted in the plate on orthogonal axes inter-

secting at the planned center of impact.

The pressure signals were recorded using an electronic

digital memory system. This system uses an analog to digital
signal converter. The system has a 200 kHz sample rate, and
the capability to store 2048 data points in shift registers

on each of ten channels. The analog pressure signals were dis-

played on an oscilloscope, as a function of time, and the time

interval of interest determined. Then, digital data over these

intervals were recorded on a cassette and were printed out on an

electronic data terminal. This technique significantly in-

creased the accuracy and reliability of the data.

16
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SECTION TIII

EXPERIMENTAL RESULTS

Historically, all experimental evaluation of transparency

birdstrike resistance have involved axial or end-on impact of

the bicd. No attempt has ever been made to identify other impact

orientations which might prove more severe to the transparency

than axial impacts.

Actually, birds strike aircraft transparencies with aA

random orientation and axial impacts have a low probability of

occurrence. Therefore, this program was undertaken to investigate V
and document the effects of orientation on bird impact loads and

on subsequent transparency damage to identify the worst-case a

orientation and the loads associated with it. The program

was divided into two subtasks. The first subtask was desiqned

to characterize the loads exerted by birds striking a rigid flat

plate with a transverse orientation, and the second dealt with

the relative damage potential of axial and transverse bird impacts ii

on a flat polycarbonate panecl.

1. BIRD LOADING STUDIES

A total of 45 test shots were performed to investigate

the effects of bird orientation on impact loading. The pro-

I ,jectiles used in these tests were 450 g bird substitutes

(gelatin with 10 percent porosity). They were right circular

cylinders with a length to diameter ratio of approximately

two. Projectiles were launched with two different transverse

orientations, flat-on (both ends of the bird impact simultaneously)
A , and side-on (the ends of the bird impact at different times for

* oblique impact angles). The two orientations are shown in

Figure 9. Tests were conducted at three impact angles; 90, 45,

and 25 degrees and at three velocities; 100, 200, and 300 m/s.

17
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TRACE OF PROJECTILE TREONTARGET 
'.

PROJECTILE
CYLINDER

Ficjure 9. Bird Orientations for Oblique Transverse IMPacts. The
upper projectil'- illustrates a side-on impact; the
lower projectile illustrates a flat-on impact.

'Ii
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Time varying pressure data were collected using a digital

data memory system as described in Section II. From these

recorded data, measurements were made to obtain peak pressure and

impact duration. The results of these measurements, together with

comparisons to theoretical results and measurements from impacts

of birds with axial (end-on) orientation reported by Barber in

Reference 2 and Challita in Reference 3, are presented in the

following sections.

a. Pressure-Time History

It was shown in previous studies reported by U

Barber in References 1 and 2, by Challita in Reference 3, and

by Wilbeck in Refert ice 4 that birds, independent of their

masses, behave like fluids during end-on impacts and the charac-

teristic pressures are the Hugoniot, or impact, pressure and the

flow, or stagnation, pressure. Both of these pressures were found

to depend only on the impact velocity and the material properties

and, since birds of different mass are geometrically similar,

pressure distribution scales linearly with bird dimensions.

When birds strike side-on rather than end-on, no

region of steady flow pressure was detected for the bird geometries

investigated. The initial impact produced the high characteristic

(Hugoniot) pressures. These pressures decay as release waves

propagate in from the nearest free surface (i.e., the closest

edge of the bird). In an end-on impact, the release process

,1V

1. Barber, J. P., and Wilbeck, J. S., "The Characterization of
Bird Impacts on a Rigid Plate: Part I," AFFDL-TR-75-.5
ADA021142, January 1975.

* 2. Barber, J. P., Taylor, H. R., and Wilbeck, J. S., "Bird Tmpact
Forces and Pressures on Rigid and Compliant Targets,"
AFFDL-TR-77-60, ADAO6l-313, May 1978.

3. Challita, A., and Barber, J. P., "The Scaling of Bird Impact
Loads," AFFDL-TR-79-3042, June 1979.

4. Wilbeck, J. S., "Impact Behavior of Low Strength Projectiles,"
* g AFML-TR-77-134, July 1978.
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is over well before the trailing end of the bird reaches the target
and steady flow of the bird onto the target occurs. The steady

flow is finally terminated when the end of the bird reaches the

* target. In contrast, the Hugoniot pressure decay process is

still continuing as the trailing edge of the bird reaches the

target when a bird strikes side-on (for the range of geometries

investigated). Accordingly, the shock pressure decays continuously

* to zero and no pressure plateau indicative of the steady state

* phase of the impact process is observed. This can be seen in

Figures 10 and 11. Figure 10 shows typical pressure traces from

normal and oblique impacts of a nominal 450 g right circular

cylindrical gelatin projectile with flat-on orientation. Figure 11

shows similar pressure traces from side-on impacts. The points

of interest on these tracers are the peak pressure and the impact

duration.

The peak pressure is due to a shock wave formed from

the initial impact, and is mainly a function of the normal component

of impact velocity and the projectile properties. The impact

duration is a function of the effective bird length and the impact

velocity.

b. Impact Phases t
The axial bird impact on a rigid plate was charac-

terized as a fluid dynamic process and was divided into four phases.

The first phase is the initial impact phase in which very high

shock pressures are generated between the bird and the target. The

release of the shocked material resulted in a decaying pressure

during phase two. The shock pressure decays to a steady state

pressure which characterizes phase three. During this phase the

bird flows steadily onto the plate and is regarded as jet flow.
The fourth phase of the impact occurs when the trailing end of the

bird approaches the plate and the pressure drops to zero. These

phases were discussed in detail in Reference 2 by Barber, and

2. Barber, J. P., Taylor, H. R., and Wilbeck, J. S., "Bird Impact
Forces and Pressures on Rigid and Compliant Targets,"
AFFDL-TR-77-60, ADA061-313, May 1978.
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V=180 rn/s
ii= 427. 6 g3

P - 30. 34 MN/rn -cm
Ts 920 ps

t =2000 los/cm -

V = 179 rn/s(b
m = 428 g 2_ b

P = 25 MN/n -cm
T = 500 Ps

t =2000 pis/cm

V = 195 rn/s(c
m = 413 .2 g 2c)
P = 9. 13 MN/rn -_cm I

T= 400 jis

* t =2000 ulS/Cn

Figare 10. Typical Pressure-Time Record of Nominal 450 g Bird
Substitute (gelatin with 10% porosity) from Impacts
with Flat-On Orientation. (a) 900 impact, 1" leftI A
of center; Mb 45' impact, 2" below center; (c) 25'
impact, center transducer.
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v 203 m/s
i- 422.7 g 2
P 91.32 MN/m -cm

490 lis

t - 2000 1t/cm

V = 299 m/s
in 431.7 g 2 (b)
P 49.96 MN/m -cm
TI-- 71.0 os

t 2000 .ts/cm

V = 302 m/s
nm = 417.7 q 2 (c)
P = 6.25 MN/mn -cm
T = 590 pis

t 2000 as/cm

Fiqure 1.1 . Typical Pressure-Time Record of Nominal 450 g Bird
Substitute (qe.]atin with 10.. por.osity) from Impacts
with Side-On Orientation (a) 90" impact, center
transducer; (b) 451 impact, 2" below center; (c) 250
impact, 3" below conter.
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Reference 4 by Wilbeck and were found adequate to describe thehe

impact of a bird with end-on orientation on a rigid plate. As ,an
be seen from the pressure traces in Figures 10 and 11, the impact
of a bird with transverse orientation has only two phases; the.
initial impact pressure phase and the impact pressure decay phase.

This is true only for birds with relatively small diameters. If
a bird has a diameter large enough to allow the shock wave to reach
the center before the impact process is completed, a steady state
phase will be seen.

(1) Initial Impact Pressure

During the initial impact, the particles -

on the front surface of the projectile are instantaneously brought
to rest relative to the target face and a shock wave propagates
into the projectile. As this shock wave propagates into the
projectile, it brings the material behind the shock to rest. The

pressure in the compressed region is initially very high and is
uniform across the impact area. The edge of the projectile is a
free surface and the material near the edge is subjected to a very
high stress gradi•-.• t. This stress gradient causes the "aterial
to accelerate radially outward and a release wave is formed and
propagates inward. The arrival of this release wave at the center
of impact marks the end of the initial impact and the beginning of
the decay process. The pressure behind the shock, or the Hugoniot
pressure, depends on the projectile density, shock veloc'ty and

* the impact velocity. The Hugoniot pressure was derived by
Wilbeck in Reference 4 and is given by:

S • ,| P11 PVsVn (1

where:

p = density of the projectile
A, Vs = shock velocity (which is a function of the

impact velocity and the density of the material)
Vn = normal component of the impact velocity.

4. Wilbeck, J. S., "Impact Behavior of Low Strength Projectiles."
AFML-TR-77-134, July 1978.
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V is equal to the impact velocity V for normal impacts, and equal

to V sin 0 for oblique impact (0 is the impact angle) The shock
velocity V correspondinq to the normal componicnt of the impactl ~s
velocity V1 should be used for oblique impact. Wilbeck in
Reference 4 derived the relation between the shock velocity and
the impact velocity for gelatin with 10 percent porosity. The

initial impact pressures measured for all normal and oblique
impact of 450 g gelatin with both transverse orientations (side-
on and flat-on) are presented along with the corresponding
theoretical Hucjoniot in Figures 12, 13, and 14. The measured
impact pressures for normal impact of nominal 450 g gelatin with
flat-on orientation agree very well with the theoretical Hugoniot. V

The agreement is better than hie experimental results of nominal
1800 g and 3600 g gelatin with end-on orientation, and is as
good as the measured pressures for normal impact of nominal
1800 g real birds with end-on orientation reported by Challita
in lýfereiice 3. The measured impact pressures for oblique impact
for gelatin with transverse orientation were, as expected, lower
than the calculated values. This departure from predictions was
"attributed to the relatively shorter duration of the Shock pulse
in these impacts, and to the limited bandwidth of the transducers
whi.ch, apparently, resulted in a significant attenuation of
the measured signals. Th.is attenuation was also seen fil oblique
impacts of birds and bird substitutes with end-on orientation.

(2) Impact Pressure Decay

At initial impact, a shock begins to
.)ropagclte into the projectile and a radial release wave propagates

in toward the center from the free surface edges of the bird.
The decay process starts when the release waves converge at the

3. Challita, A., and J. P. Barber, "The Scaling of Bird Impact
loads," AFFI)L-TR-79-3042, June 1.979.

4 . Wilheck, J. S. , "Impact Behavior of Low Strength Projectiles,"
AFML-TR-77-134, July 1978.
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Figure 12. Comparison of Measured Peak Pressures of 450 g
Gelatin, Transverse Impacts at 90', to Theoretic-al
Shock Pressure Curve. 7
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Figure 13. Comparison of Measured Peak Pressures of 450 c
Gelatin, Transverse Impacets alt 4 5 1, to Theoretical
Shock Pressure Curve.4
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F'igure 14. Compairison of Measuired Peak Pressures of 450 i
Gelatin, Transverse Impacts at 250, to Theoretical
Shock Pressure Curve

center of inlpact. I'he releaseo is not instantaneous., because of

multiple internal reftlections and becaise the release waves are,

dispersive However, withill a few transit t.imes in the -ompr)ess;ed

medium, a steady-state flow will be established. In an end-on
impact, the release process is over well before the trailing end

of the bird reaches the target and steady flow of the bird onto

the target occurs during the latter ctzlqes of the impact. The

steady flow is finally terminated when the end of the bi.d reaches

f rthe target. In contrast, Ilugoniot pressure decay is still con-
tinuing as the trailing edge of the bird reaches the target when
a bird strikes side-on, or flat-on. This can be seen from the

pressure traces in Figures 10 and 1] where the shock pressure

decays to zero and no pressure plateau indicative of the steady-

* state phase of impact process is observed. As mentioned before,

* this is true only for relatively small diameter birds.
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c. Impact Duration

The time duration of impact was derived by J.

Barber in reference 2. By assuming the bird to be a fluid body,

the impact begins when the leading edge of the bird touches the

target. The impact continues until the trailing edge reaches

the target and there is no further bird material flowing onto

the target. Hence, the impact duration, Ts, was given by: ILI

TS /v (2)

where:

X -length of the bird

v = impact velocity.

In an oblique impact the effective length of the bird is longer

than the "straight" length of the bird, X. The effective lengths

for different bird orientations are shown in Figure 15. For an

end-on orientation, the effective length, 2 eff' would be given by:

eff + /tan 0 (3)

fcr a flat-on case k would be:
eff f

keff= d/sin 0 (4)

and for a side-on:

= d +/tan 0 (5)eff

where:

id = diameter of the bird
Z = length of the bird0 = angle of impact.

* 2. Barber J. P., H. R. Taylor, and J. S. Wilbeck, "Bird Impact
Forces and Pressures on Rigid and Compliant Targets,"
AFFDL-TR-77-60, ADA061-313, May 1978.
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'4* Figure 15. (a) oblique Impact Effective Bird Length, End-on.
* (b) Oblique Impact Effective Bird Length, Flat-on.

( c c) Oblique Impact Effetive Bird Length, Side-on.
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Theoretically, the "squash-up" time on any trans-

ducer is less than the impact duration and greater than a minimum

value that depends on the radial distance of the transducer from

the center of impact. The "squash-up" time on each transducer

was measured for every shot and compared to the theoretical

well with the theoretical values for the shots with acceptable

deviation from the launched orientation. Deviation from the 19

launched transverse crientation is considered acceptable if both

ends of the piojectile hit the major axis of the target plate

as shown in Figure 16.

MAJOR AXIS

•7 F

la
L

41

a =Arctan

AL

Figure 16. Acceptable Rotation. a is the maximum allowable
rotation. a is measured in the plane of the target
plate.
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Figure 17. Polycarbonate Panel Bolted to the Structure

2. DAMAGE POTENTIAL STUDIES

The objective of this task was to investigate, compare, and

document the damage potential of birds as a function of impact

orientation and impact location.

A total of 66 shots were conducted in this task. The same

projectile geometry and density used in the pressure tests were

used. Projectiles were launched with three orientations; axial

or end-on, side-on, and flat-on (see Figure 9). They were impacted

at a 25 degree angle of incidence onto a nominal 90 cm long, 60 cm
wide, and 0.635 cm thick flat polycarbonate panel. The panel

was bolted to a relatively rigid support structure as shown in

Figure 17. Four impact locations were investigated. They were
center panel, down-stream center edge, and up-stream and down-stream

corner as shown in Figure 18. These locations were selected to span

30
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Figure 18. Impact Locations of Bird Substitute onto Polycarbonate

•: Panels.
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the range of relatively unconstrained impact (center panel), to

constraint on two sides of the impact point (corner impact). The

conditions selected also generally correspond to conditions present

at locations of interest on typical aircraft transparency systems.

The ballistic limit, or the minimum perforation velocity,

was used as the primary criterion for measuring target damage.

Secondary criteria such as the length of cracks, volume of

plastic pocket, and depth of pocket were used when perforation

wasn't achieved. Perforation wasn't achieved for any impacts at

the center of the panel and the up-stream corner locations.

The minimum perforation velocity was determined by using a

Newtonian iteration search routine. According to this technique,

the first shot will be at:

V I (V min + V max)/2 (6)

If the target is perforated at V,, then the next shot will be at:

V2 = (V1  Vmin)/2 (7)

otherwise

V2 = (V1 + Vmax)/2 (8)

If both V1 and V2 resulted in perforation, then:

"V (V 2 + V )/2 (9)

3= 2 min

This technique was not used throughout the program; it was only

used at the beginning, since no past experience was available.
Using this technique, a maximum of five shots was sufficient to

determine the perforation velocity to within 4 m/sec. Vmin and

Vmax were 100 and 300 m/sec respectively.

a. Factors Affecting Damage

As a preface to discussing the results of this study
it is pertinent to address, in a cursory manner, the factors

32
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affecting the threshold of fracture in transparent crew enclosure
panels. First, it should be pointed out that the dynamic response
of a structure to impact loading is a characteristic of the total

structural system and cannot generally be evaluated in terms of the
individual structural components isolated from the total system.

Thus, evaluating birdstrike damage in terms of impact location
and bird orientation could be expected to show variation from one

structural system to another.

Design details are also an important consideration

in determining structural integrity. This is especially important

for bird impact where the loading is rapid and the strain rates
are high. Improper matching of transparency/support structure

stiffness, poor edge design, and improper fastening techniques
can all lead to premature failure. H

These considerations might tend to preclude achieve-

ment of the task objective. However, previous experience with the

birdstrike testing of flat panels and full scale flight hardware

has served to identify the most critical impact locations and
the failure modes associated with good design practice. Further-
more the experiment was designed to eliminate failure initiated at

the bolted attachment and to permit large plastic deformations
prior to rupture. Thus, even though the design tested is by no I:
means an optimum structural system, it is believed that the

results can provide some meaningful guidance with respect to the

feffects of bird orientation at impact.

b. Summdry of Results
A A summary of the tests conducted during this

experimental program is presented in Table 1. Bird orientation,
* impact location, impact velocity, and a description of the

resultant target damage are included in Table 1. Photographs of
the panels impacted at velocities above and below the threshold

velocity for all bicJ orientations and impact locations are

presented in the Zq':.endix.
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At the down-stream center edge location the

perforation velocity was found to equal 208 - 4 m/s for end-on,

204 + 2 m/s for flat-on, and 212 + 1 m/s for side-on impact. At

the down-stream corner, the perforation velocities were 173 + 2 m/s

for end-on, 184 + 3 m/s for flat-on, and 234 + 2 m/s for side-on

impacts.

Perforation was not achieved at either the center

panel location or the up-stream corner location. Examination of

center panel shot numbers 4.0067, 5.0151, and 5.0156 (which were

at approximately the same velocity) reveals that, in terms of

plastic deformation, end-on was the most damaging orientation

and side-on was the least damaging. Similary, examination of

up-stream corner shot numbers 4.0076, 5.0181, and 5.0184 (which

were at approximately the same velocity) indicates that end-on

was the most damaging orientation and side-on was the least

dimaging.

These results indicate that the side-on impact is

the least critical of the three orientations investigated. The

same results could be deduced from Figure 9, since both the

loaded area and the duration of the impact event increase as the

angle of incidence decreases from normal impact. This could be

expected to spread the load out and produce significant strains

in a larger volume of material with a corresponding reduction in

the peak strains.

In terms of the birdstrike testing of full scale

flight hardware this result suggests that a significant pitch

angle during attempted end-on impact would decrease the criticality

of the strike. Further, it would be expected that a negative pitch

angle (front of bird down) would be less critical than a positive

pitch angle. This is true because as the positive pitch angle

approaches the angle on the impacted transparency the impact

condition will more closely simulate the flat-on condition. When

the pitch angle on the bird equals the angle of the transparency

40



instantaneous contact will take place over the full length of the

bird (assuming that the bird is a right circular cylinder).

Considering all locations it appears that the

end-on orientation is slightly more critical than the flat-on

orientation for the panel/support structure system tested. The

structural system design and the failure mode could affect the

critical bird orientation as a function of impact location

(Reference discussion in Paragraph 3.2.1) and variation in bird-

load pressure profiles with respect to angle of incidence and

bird orientation. However, based on the limited studies conducted

on this program, the use of end-on impact for conducting full scale T

birdstrike qualification tests seem to be justified.

It is important to stress the importance of controll-

ing the bird orientation at impac: during full scale develop-

mental and qualification testing. The kinetic energy of the bird

with end-on orientation required to fail the panel at the down-

stream corner was approximately half the energy required for the

bird with side-on orientation. Therefore, measures should be

t.aken at all bird-impact test facilities to account more care-

fully for the effects of bird orientation at impact.

I'
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions are based on the results of this

experimental program.

1) Of the three orientations tested (end-on, flat-on,
and side-on) side-on was the least critical.

2) The end-on orientation appears to be as critical

or more critical than any other orientation.

3) For a particular design configuration and impact

location it is conceivable that the flat-on orientation

could be most critical.

4) During end-on birdstrike testing pitch and/or yaw of

the bird would tend to decrease criticaily.

5) For the bird geometries tested the load-time history

exhibited no steady state flow conditions for the

transverse bird orientations.

6) The duration of the loading can be expressed in terms

of an effective length for all bird orientations

investigated.

It is recommended that

1) Full scale birdstrike developmental and qualification

testing continue to be conducted with end-on orientation.

2) Bird orientation must be controlled to insure that
significant pitch and yaw are not present at the

instant of impact.

42
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7~a)

z ... ....

Figure A-i. Shot Nou. 4-0063; Panel impacted at the center edge;

4 ~one-pound gelatin launched with an axiafl orientation
at 204 rn/s. a) front view; b) end view



a)

- r.... ....... . . -. .

b)

Figure A-2. Shot No. 4-0064; Panel impacted at the center edge;
one-pound gelatin launched with an axial orientation it,1

* .~at 212 rn/s. a) front view; b) end view
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a)

- I7

b)

* FPicure A- 3. Shot No. 4-006¶5; Painel 4,ipactecl at the center Panel;
one0-pouind qjelatin 1launched with an axial orientation
at 2190 rnI/s. a) front view; b) end view
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a)

*I.

b)

Figure A-4. Shot NO. 4-0067; Panel impacted at the center panol;

~one-pound gelatin launched with an axial orientation
at 307 rn/s. a) front view; b) end view
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a)

nr .. -

otl:

Figure A-5. Shot No. 4-0072; Pane' impacted at the down-stream
corner; one-pound gelatin launched with an axial
orientation at 171 rn/s. a) front view; b) end view

7. 43



a)

b)

*Y n

* Figure A-6. Shot No. 4-0073; Panel impacted at the down-stream
corner; one-pound gelatin launched with an axial
orientation at 175 rn/s. a) front view; b) end

'I view
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b)

'iclu re A- 8. Shot, NO. 4-0077 ; Panel impaicted at the np-stream
corne~r; one-pound g~l at~in launched with anl axial
orient~at~ion at 303 rn/s. a) front view; b) end
"7i OW



4 - ý -- k
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b)

Fiqtire A-9 . Shot No. 5-0147 ; Panel1 impacted ilt the,, cenlt-r edge;
one-pound gelatin launched with a fl~at:-on orientation
at 202 in/s. a) front: view:- b) end view
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ýA- M,

Figure A-1.2. Shot NO. 50 1 aoI~pee ttecne
panel.; onei-pound crelatin launlched with a flat-on
orientat.ion at 307 in/s. a) front view; b) e--nd
View
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a)

b)S

Fiqure A-13. Shot No. 5-0152; Panel impacted at the center
Panel; one-pound qjelatin launched with a f lat-on
orientation at 336 rn/s. a) front view; b) end
view
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* .1q

iure A-1.4. Shot No. 5-l3.56; Panel impacted at the center I

panel; one-pound gelatin launched with a side-on
orientation at 292 rn/s. a) front. view; b) end
view
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It'

F icgure A- 1.6 Shot No. 5-01518; Panel impacted at the. center4
*edge.; one -pound ge].aIn launched with a side-on
* orientation at: 210 m/s. a) front view; b) end view

59



IP

L2*

......... ng '.

..... ~. .. .

Figue A17. hotNo. 5-01(6O. Panel. impacted at the center

edge; one-pouind qelatin launched wt ieo

orientation at 212 1111s. a) front view; b) end

view
60
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b)

5k

%iur -13. Shlot No. 5-0162; Panel. imipacted at the center
edcqe; one-poundl gelatin launchad with a side-on
orientation at 210 rn/s. a) front view; I) end
NPi ew
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b)

* 4 P~ic qure A-i19. Shot No. 5-0164 '; Panel ilfl);ict(-A at the odgte e@l(
one- ~ ~ ~ ~ ~ ~~- jMtI( L .a:i anhdw. as~i do-onl orient at ion

at 2 12 Iu:' . 'I) I roet v iew; bD) enId View
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Fiqure A-21. Shot No. 5-0167; panel, impacted at the down-stream
corner; one-pound gelatin launched with a flat-on

Orientation at 188 rn/s. a) front view; b) end view FA
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Figure A-22. Shot No. 5-0175; llanc~l impacited at the down-stream
corner; one-pound gelati~n launched with a side-on
orientation at 237 mn/9. a) front view; b) end view
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FiciureL A- 241 Shot No. 5-0.1.718; Panel impac tcd it. Ltie u-s t ram
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